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Fig. 2 Transmission spectra from input port to thru port and to coniinon drop port with cAunnels 7, I 1 and I 2 dropped
_ _ _ _ to cominon drop port to thru port We measurcd the isolation across a +/-I5 GHz channel window, which is more than adequate for 10 Gbit/s transmission. For the thru path the isolation is limited by the demultiplexer rolloff to 41 dB. The transmissivities from the main input port to the thru port and to the common drop port, and from the common add port to thc thru port, were essentially identical. Fig. 3 shows the transmission between the input and discrete drop ports when the light is passed or blocked by the thermo-optic switches. The in-band crosstalk suppression was in excess of 46 dB. The discrete add path was similar. The input-to-discrctc drop port losses wcre 2 . 6 4 . 0 d B and the loss between discrete add and thru ports was 2.2-3.5 dB. This minor insertion loss variation is due to an unbalanced number of waveguide intersections (0.04 dB per intersection). If neccssary this could be compcnsated for by adding dummy crossings, without affecting other paths.
Thc wavclength alignment of all the AWGs was very close, as a result of the high indcx uniformity films used. The peak separation of the AWGs was only 0.06nm. We observed a maximum polarisation dependcnt loss at peak transmissivity bctwccn thc input and thru ports of 0.2 dB.
Conclusion:
We have demonstrated a low-loss, high functionality reconfigurable optical add-drop multiplexer. Thru path insertion loss is less than 6 dB with isolation in excess of 40 dB. This device forms thc basis of a modular, growablc, low-cost ROADM node for a longhaul or metro environment. The use of thc Raman effect in silicon to create optical amplification in silicon-oti-insulator wavcguidcs is investigated. The analysis shows that when using stimulated Raman scattering, it is possible to achicve up to 10 dB of signal gain in optically pumped silicon waveguides with lengths 2 cm.
Motivation and discussiont Silicon-on-insulator (SOI) has emerged as an attractive platform for planar lightwave circuits [l] . The availability of high quality SO1 wafers and the complete compatibility with silicon integrated circuit (IC) technology has been the prime motivation for researchers and, morc rccently, for entrepreneurs. SO1 dcviccs such as arrayed waveguide gratings (AWG) and channel equalisers now compete with those realised using the silica waveguide and polymer technologies [2] . Advanced patterning and etching techniques developed and used by the IC industry can be utilised to fabricate complex periodic structures [3, 41. The large index mismatch between the silicon core and SiOz lower cladding layers minimiscs radiation into the substrate even when extreme index modulation is performed.
Compared to the fibre technology, waveguide dcviccs suffcr from higher losses. The loss originates from both the fibre-to-wavcguide coupling and propagation loss in the waveguide due to sidewall roughness, defects, and impurities. If not compensated for, this will limit the cxtcnt of on-chip integration and will, therefore, curtail the promise of intcgrated optics. The lack of optical gain in silicon is currcntly one of the major drawbacks of SO1 integrated optics. The indirect bandgap prohibits thc realisation silicon-based semiconductor optical amplifiers (SOAs). Further, attempts with erbium doping of silicon have not been fruitful. However, the Ranian gain coefficient in silicon is several orders of magnitudc larger than that in the (amorphous) glass fibre because of the single crystal structurc. In addition, the ability to confine tightly the pump signal in a small cross section lowers the threshold for stimulated Raman scattering (SRS). Thc gain bandwidth for the first-order Raman scattering is in excess of 100 GHz, making it possible to amplify a singlc WDM channel at 100 GHz spacing, or multiple channels at smaller channel spacing. Fig. I The main feature in the spontaneous Raman spectrum of silicon corresponds to first-order Raman scattering from zone-centre optical phonons [5] . It lies at 15. (Fig. 2) that the overlap betwecn the TEo (pump) and TMo (signal) modes in the waveguide is better than 95%) across an area, A , of 2 pm2. To account for propagation losses at the pump and sigiial wavelengths ( y p and y ,~) in SO1 waveguidcs we assume a conservative value of y s = y,. = 1 dB/cm [6] . Ignoring pump depletion and assuming a negligible pump linewidth (compared to first order Stokes bandwidth) the power of the signal field at thc end of the waveguide of length L, Ps(L), is given as [7] whci-e Sp(0) = Pp(0)/A, with Pp(0) the input pump powcr. The 1-esult of (1) is shown in Fig. 3 . Including the mode mismatch of5% between signal and pump lasers along the waveguide, the results suggest that for a 1.9 cm long waveguide, a CW pump power of 475 mW (at When high field intciisities propagate through thc silicon waveguide, other nonlinear effects can also take place. In particular, two photon absorption (TPA) must be considered as it causes pump depletion and hcnce curtails SRS. As it will be shown, TPA also imposes an upper limit on thc optical signal to noisc ratio (OSNR) of the amplificr. Pump depletion is modelled by describing the pump propagation along the waveguide (x), in thc small-yp limit, as:
where B is the TPA coefficient for silicon at 1427 nm, 5=3.5 x IO-'"cm/W [8] . The result of introducing the TPA effect is included in Fig. 3 . In summary, to obtain a 10 dB effective gain in the waveguide amplifier, a pump power of P,,(0) = 500 mW will be necessary.
The main soui-cc of noisc in the signal is expected to come from amplified spontaneous Raman scattering (ASE) along the waveguide 191. The calculated SNR, including TPA, for thc device under consideration ( L = 1.9 cm) gives a maximum OSNR of 25 dB with an input signal power of P&) = 1 pW and a pump power of 1 .O W.
The prospects for a wavcguidc Raman amplifier using SO1 technology have been analysed and quantified. The largc Raman cocfficient of crystalline silicon, combined with the ability to fabricate tightly confining waveguidcs, offers the possibility of achieving 10 dB signal gain at 1540 nni using a 1.9 cm long waveguide with 500 mW of narrowband pump power. , and GaAsSb quantum wells (QWs) [3-51. Among these materials, strained GaAsSbIGaAs QWs grown on GaAs substrate, which exhibit a staggered type-I1 band alignment, possess the potential of emitting a wavelength longer than those corresponding to the fundamental band gap energies of each constituent. The GaAsSb QW lascrs reported were grown by growth methods such as metal organic vapour phase epitaxy (MOCVD) [3] and mostly by gas source molecular beam epitaxy (GSMBE) [4, 51. Although good results have been reported for GaAsSb lasers grown by GSMBE and MOCVD, fewer good results were obtained by solid sourcc molecular beam epitaxy (SSMBE). In this Lelter, we report GaAsSb/GaAs double quantum well lasers grown by SSMBE utilising a cracked Sb monoincr (Sbl) for Sb source. The high quality of the laser is manifested by the vcry low threshold current density measured in the broad area devices.
Experiment; The lasers were grown on n+GaAs (100) substrate by SSMBE. Besides the conventional Ga beam, a cracked Sb nionoincr and uncrackcd As tetramer were used in the growth of the GaAsSb. The improvement in the optical quality of the Sh-containing compound semiconductor by using Sb, instead of Sb4 has been reported in [6] . The active region of the laser, which was grown at 500"C, consists of two 7 nin GaAsO.66Sb0.34 QWs embedded in GaAs barriers.
Step-confined 0.1 pni Alo.3Ga0.7As was used for the waveguide layers and 1.5 ltm Alo.6Gao.4As was used for cladding laycrs.
The AlGaAs layers and a 0.5 p i buffer n+GaAs were grown at 580°C. 5 0 p m wide broad area lasers with different cavity lengths were fabricated by using standard photolithography, wet-etching and metallisation processes. Characteristics ojlaser; The fabricated lasers were tested under 2 ps pulsed mode. Fig. 1 shows the light output power against current characteristics of a 1 .54 mm long laser. The threshold current and threshold current density arc 162 mA and 2 10 A/cm2 respectively. The result is close to the lowest values reported for GaAsSb lascrs [3] . However, as can be seen in the inset of Fig. 1 , our laser cmits a longer wavelength at 1.28 pm in comparison to the 1.19 pin reported in [3] . In fact, the threshold current density is among thc lowest values reported around the 1.3 pni region for GaAs-based QW lascrs including InGaAs and InGaAsN QWs. Fig. 2 shows the cavity length dcpciidcncc of the threshold current density. The threshold current density of the infinite cavity length extrapolatcd from the data is only 83 A/cm2. The dependence of inverse external quantum cfficiency against cavity lcngth is shown in Fig. 3 . The internal quantum efficiency is 62.8% and the internal loss fitted is 3.45 em-'. The improvement of the threshold current density is attributed to be the use of Sbl as the Sb source in the growth ofthe GaAsSb layers. The temperature characteristics of our grown laser were measured from 25 to 85"C, and the characteristic temperature is 60K, which is the typical value for GaAsSb laser reported in the literatures [3-51. The low internal efficiency and Characteristic temperature arc believed to be due to the type-Il structure of the GaAsSbIGaAs QW. In the typc I1 quantum well, the spatially separated electrons and holes result in a spacc charge field that produces an approximately triangular electron QW in the conduction band of the GaAs barrier. As the density of the accumulated electron increases, the accordingly enhanced electric field will push the clcctrons toward thc interface. When the electrons reach a considerable density, there will be a sufficient gain to stimulate lasing action [7] . Though the spatial separation of the electrons and holes gives a lower peak gain, it does not mean that the threshold current will be increased because the spontaneous emission is also inhibited as pointed out in [XI. However, significant blue shift of the lasing wavelength compared to the low excitation conditions will occur due
